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Various studies have suggested that the rate of adult skin healing may be in some way dependent on signals emanating from
cutaneous nerves. Further, it appears that adult wounds become hyperinnervated by sensory nerves during the process of
healing. In order to investigate this reciprocal relationship further, we have used a simple embryonic model to look at the
effect of wounds on nerves, and conversely, the effect of nerves on wounds. We find that wounds made to the dorsum of the
chick wing bud, at a stage prior to normal innervation (at E4), or soon after the normal establishment of cutaneous
innervation (at E7), subtly alter the pattern of branching by perturbing developmental guidance cues, but do not cause
hyperinnervation, whereas wounding at E14 does cause hyperinnervation. By creating chicks with nerveless wings, we show
that from E7, wound healing in the absence of nerves is significantly impaired. These observations suggest that, from the
earliest stages of skin innervation, the presence of nerves is beneficial to the healing process, but that, in contrast to neonatal
and adult tissues, wound healing in the embryo and early foetus does not trigger hyperinnervation. © 2001 Academic Press
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cINTRODUCTION
Both clinical and experimental studies suggest an intrigu-
ing interrelationship between skin wound healing and the
surrounding cutaneous nerves that supply sensation to
skin. Clinically, when the nerve supply is deficient, for
example in patients with peripheral neuropathies due to
diabetes or nerve trauma, wound healing is significantly
impaired (Anand et al., 1996). Animal studies also suggest
that an intact innervation is important for wound healing in
adult skin. Blister wound healing on the footpad of rats and
of corneal wounds on the rabbit eye are both significantly
retarded if nerves supplying these tissues are previously cut
(Carr et al., 1993; Araki et al., 1994). To date, such studies
ave not resolved whether this beneficial effect of innerva-
ion is due to a positive signal being emitted by nerves, or
imply because of repeated trauma due to the lack of wound
ensation and protective reflexes in denervated tissues. In
upport of a positive signal emanating from nerves, studies
n urodele amphibians reveal that an intact nerve supply is
1 To whom correspondence should be addressed. Fax: 020 7679
b7349. E-mail: paul.martin@ucl.ac.uk.
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All rights of reproduction in any form reserved.n essential prerequisite for limb regeneration. If nerves are
iverted from the amputation site, then the open wound
ill heal, but no limb will regenerate (Singer, 1952). This
ependency on nerves for limb regeneration appears to be a
rimed response acquired by limb tissues during develop-
ent, since, if salamander limbs develop without innerva-
ion, then limb regeneration is no longer nerve-dependent
n adulthood (Yntema, 1959; reviewed in Dinsmore and
escher, 1998).
Intriguingly, the relationship between nerves and tissue
epair seems to be a reciprocal arrangement since, in the
dult, within days of wounding, the wounded area becomes
ramatically hyperinnervated, and remains so throughout
he healing process (Kishimoto, 1984; Aldskogius et al.,
987; Hermanson et al., 1987). This phenomenon of hyper-
nnervation is even more dramatic in the newborn rat
orelimb, where healing of excisional wounds leads to a
assive and permanent hyperinnervation of the repair site
Reynolds and Fitzgerald, 1995).
To investigate the interrelationship between nerves and
ound healing in the embryo and foetus, we have used the
hick embryo wing bud as a model because of its accessi-
ility to microsurgical manipulation, and because much is
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28 Harsum, Clarke, and Martinalready known about how nerve pattern is normally estab-
lished in the chick wing and hind limb (Landmesser and
Morris, 1975; Scott, 1982; Swanson and Lewis, 1982;
Tosney and Landmesser, 1984; Honig et al., 1986, 1998;
Martin et al., 1989). Also, wound healing in the embryo
proceeds in the absence of a platelet plug, or an inflamma-
tory response, and without subsequent scarring (Adzick et
l., 1985; Whitby and Ferguson, 1991; Hopkinson-Woolley
t al., 1994). The simplicity of this process has allowed us to
uantify both the influence of wound healing on the pattern
f cutaneous nerves and the dependency of these repair
rocesses on an intact innervation.
We show first that excisional cutaneous wounds made
ither before or after the normal stage of innervation lead to
isruptions in the normal pattern of branching, but do not
esult in hyperinnervation. Second, after the normal stages
f innervation, wound healing is enhanced by a signal or
ignals from cutaneous nerves.
MATERIALS AND METHODS
Excisional Wounds
Fertilised White Leghorn chicken eggs (from Poyndon Farm,
Herts, U.K.) were incubated at 37°C in a humidified incubator.
Wounds were subsequently made at either E4 (stages 22–23,
Hamburger and Hamilton, 1951) or E7 (stages 30–31), by exposing
the right wing bud and dissecting away a square patch of epithe-
lium and underlying mesenchyme using an electrolytically sharp-
ened tungsten needle. The four initial incisional wounds outlining
the square were made to a depth just beneath the vascular plexus as
assessed by light bleeding. The resulting wounds measured ap-
proximately 500 3 500 mm at E4, or 800 3 400 mm at E7 (Figs. 1C
and 1D), and were routinely about 40 mm in depth (Fig. 1E).
mbryos used in the quantification of nerve fibre density were
ubsequently returned to the incubator until E10 (stage 36) or E14
stage 40) when they were harvested. Because embryonic wound
ealing does not result in a scar to mark the wound site, the
esenchymal boundaries of several typical wounds were marked at
he time of wounding with DiI dots as previously described (Martin
nd Lewis, 1992), in order to track the fate of the exposed wound
esenchyme during the repair process. These studies consistently
howed that the wounded mesenchyme contracted and by E10
after wounds had closed) was located proximally in the presump-
ive dorsal elbow region (data not shown). In order to quantify the
nfluence of nerves on rate of healing, initial 0-h wound area was
easured in innervated and nerveless embryos before returning to
he incubator for either 10 h for E4 wounds, or 24 h for E7 wounds.
hese time points were chosen so that wounds were only partially
ealed, rather than fully closed, in order to allow clearer compari-
on of rate of repair.
Ultraviolet Ablation of Neural Tube
At E2 (stage 11–13), a group of embryos had their wing-level
neural tube UV ablated in order to create nerveless chick wings, as
previously described by Swanson and Lewis (1986), and briefly
reviewed here.
Immediately prior to irradiation, the vitelline and amniotic
membranes were torn with a tungsten needle to expose somites
Copyright © 2001 by Academic Press. All rightand neural tube at the level of the prospective wing bud. Subse-
quently, a thin rectangular strip corresponding to the neural tube
adjacent to somites 12–20 was irradiated for 10 min by using a
focused beam of UV light (see Fig. 4A) from a high-pressure
mercury lamp (Osram 200W). The beam was projected through a
slit aperture and directed onto the embryo using a system of
mirrors mounted beneath a dissecting microscope. After irradia-
tion, the egg was resealed before returning to the incubator.
3A10 Nerve Staining
In order to test whether UV irradiation had successfully ablated
nerves from the wing bud, embryos were whole-mount stained by
using the 3A10 antibody, mouse monoclonal IgG against an anti-
neurofilament-related peptide (kind gift from Kate Storey, Oxford).
Embryos were fixed in paraformaldehyde overnight, washed thor-
oughly in PBS, blocked overnight with 0.5% hydrogen peroxide,
further washed, and then incubated with 3A10 (1:1000) in 1% Triton
for 48 h with agitation at 4°C. After rinsing in PBS, specimens were
incubated in peroxidase-conjugated goat anti-mouse IgG and IgM
(1:500, Jackson ImmunoResearch Laboratories) at 4°C for 48 h. Speci-
mens were further washed in PBS and the immunostain was revealed
by using 0.05% DAB, 0.064% Imadazole, 0.002% H2O2.
Analysis of Wound Closure
Video images of limb wounds were captured digitally, both imme-
diately after wounding and at the time of harvest, onto a Power
Macintosh computer using a Panasonic F15 video camera attached to
a Leica dissecting microscope. “Before” and “after” wound areas were
measured from these digital images by using the image analysis
program “NIH Image” (freely downloadable from http://rsb.info.
nih.gov/nih-image/). The majority of embryos were then harvested
and fixed in ice-cold 4% paraformaldehyde in PBS overnight.
Scanning Electron Microscopy
A small number of wounded embryos (n 5 19) were prepared for
scanning electron microscopy (SEM) by fixation overnight in ice-
cold half-strength Karnovsky fixative (Karnovsky, 1965), followed
by a postfixation in 1% osmium tetroxide in 0.1 M cacodylate
buffer. Specimens were then dehydrated through graded alcohols
and rinsed in acetone prior to critical point drying in CO2, sputter
coating with gold, and then viewing with a Jeol 5410 scanning
electron microscope.
Analysis of Nerve Pattern at the Wound Site
All E10 embryos, used for quantification of nerve fibre density,
were labelled with a pan-neuronal Protargol silver stain which gave
better resolution than 3A10 antibody staining in later stage skin
preparations and allowed us to reveal the finest nerve endings
(Peters, 1959; Zagon and Haring, 1982). Harvested embryos were
rinsed and eviscerated in PBS. Their torsos, with both wounded
right and the control left wings were then whole-mount stained
according to Bodian’s method (Bodian, 1936, 1937) as modified by
Lewis (1978). Agitation is required at all stages. Embryos were fixed
overnight in Bodian’s fixative (Bodian, 1937), washed four times in
70% alcohol over 2 days, transferred to water for 1 h, and then
incubated in a solution of 1% Protargol (Roques–Raymond–Lamb)
with clean copper wire (0.4 g per 20 ml) for 36 h at 37°C. Specimens
were subsequently reduced for 1 h at 4°C in an aqueous solution of
s of reproduction in any form reserved.
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29Interrelationship between Nerves and Wound Healing1% hydroquinone (quinol) and 7.5% anhydrous sodium sulphite.
After rinsing in four changes of distilled water for 2 h, they were
toned for 60 min at 4°C in 1% gold chloride solution (acidified with
3 drops of acetic acid per 100 ml). Embryos were washed again with
distilled water, bleached for 1 h in fresh 5% potassium ferricyanide
solution at room temperature, and washed for a further hour in four
changes of distilled water. After soaking for 30 min in fresh 5%
sodium thiosulphate and 2% potassium hydroxide, embryos were
rinsed in distilled water, then dehydrated through graded alcohols
and cleared in methyl salicylate. Skin preparations consisting only
of dorsal wing skin, wound territory, and the accompanying cuta-
neous innervation were subsequently made of the majority of
specimens by dissecting away ventral tissues with iridectomy
scissors. These preparations were then mounted beneath a cover-
slip in DPX neutral mounting medium (Sigma).
Quantifying the Level of Innervation
A common method used to look at the complexity of neuronal
arborizations, which is well suited to this system, is to count nerve
branch points (Scott and Davies, 1993; Cohen-Cory and Fraser,
1995). Silver-stained skin preparations were examined at low
magnification (34 objective), allowing resolution only of axon
bundles, in order to assess the level of branching (see Figs. 3A–3C).
They were subsequently assessed at high magnification (320
objective), revealing single axons and nerve termini, which were
counted and used to accurately determine the density of terminal
innervation (see Figs. 3A, 3D, and 3E). Due to the three-
dimensional nature of cutaneous innervation, the pattern of
stained nerves was drawn with a camera lucida attached to a Nikon
Optiphot Microscope by focussing up and down through the
specimen. One low-power field of view and three high-power fields
of view distal to the elbow were drawn for the wounded wings (see
Figs. 3C and 3E). Anatomically equivalent sites in the region of the
healed wound (as indicated in Fig. 3A) were chosen for experimen-
tal and for the contralateral control wings in each case. All branch
points and nerve termini in each field of view were counted.
Revealing Hyperinnervation in Late Foetal Wounds
by Anterograde Loading of DiI
To confirm that wound repair in late-stage foetal/neonatal
chicks leads to hyperinneravtion of the wound site (Grabovoi and
Kostinkii, 1987), we amputated the tip of the middle toe of the
hindlimb of E14 chicks (in several instances marking the wound
site with carbon black) and harvested at E21 on the day of hatching.
Wounded limbs were fixed for 24 h and stored in 4% paraformal-
dehyde in PBS for at least 24 h before DiI (Molecular Probes) was
pressure injected into both digital nerves of the wounded toe and
allowed to anterogradely diffuse into the nerve terminals at the
wound site for 6 months in the dark. Skin preparations from the
wounded toe tip and adjacent site were then flat mounted and
cutaneous nerve patterns imaged with a Leica confocal microscope.
RESULTS
Nerves First Approach the Wing Bud
at Embryonic Day 4
Whole-mount immunohistochemistry of chick embryos
shows nerves first approaching the developing wing bud at
Copyright © 2001 by Academic Press. All rightmbryonic day (E) 4 (Fig. 1A). At E7, the four cutaneous
erve branches that innervate the dorsal surface of the limb
Dorsal Cutaneous (DC) Elbow, DC Alar, DC Interosseous
nd DC Ulnar; nomenclature as in Martin et al. (1989)] can
be seen to have contacted their target patches of skin and
have subsequently begun to ramify (Fig. 1B). At these two
key stages of development, just prior to, and just after
nerves have reached the skin, square excisional wounds
were made (Figs. 1C and 1D) to examine the effect this
might have on the subsequent pattern of innervation. At E7,
such wounds will damage cutaneous nerves as they ramify
just beneath the epidermis, but at E4, wounding does not
damage even the most distal tips of nerves invading the
limb since they migrate into the limb on the ventral side
(Fig. 1F).
Wound Healing at E4 or E7 Leaves No Superficial
Visible Trace of Where the Wound Had Been
Wounds made at E4 take less than 24 h to heal, whilst E7
wounds generally take between 2 and 3 days to heal
completely. The effects of these wounds on the developing
pattern of cutaneous innervation were subsequently exam-
ined at E10 (normal gestation is 20 days), when no visible
trace of the original wound could be found (Fig. 1G).
Silver-stained skin preparations of control, unwounded
limbs at this stage show a relatively dense, interconnecting
network of innervation, resembling the adult pattern (Fig.
1H) with the four main cutaneous nerve branches extending
along fairly reproducible tracks, as previously reported
(Martin and Lewis, 1989).
Wounds Made at E4 Result in Missing
Nerve Branches
Wounds made at E4 have usually closed by 24 h, just as
nerves are entering the limb bud. Analysis of the resulting
pattern of innervation reveals that the majority of wounded
limbs (65%: 22 of 34 wings) have established a grossly
normal pattern of cutaneous innervation (Fig. 2A). How-
ever, 35% of chicks wounded at E4 have one or two major
nerve branches missing. The most common defect was a
missing DC Interosseous, but DC Alar and DC Ulnar are
also occasionally missing (Figs. 2B and 2C). The skin
territory normally occupied by absent nerve branches is
instead occupied by collateral sprouts from one or more of
the remaining branches that innervate the dorsal surface of
the limb. For example, the territory normally occupied by
DC Interosseous is often occupied by ramifications from
DC Alar whenever DC Interosseous is missing (Fig. 2B). In
most cases, the collateral sprouts appear to grow in a
proximo-distal direction along approximately the pathway
that the missing nerve branch would have grown, as though
attempting to mimic the normal pattern of innervation
(compare Fig. 2A with Figs. 2B and 2C). This collateral
sprouting appears to give rise to a normal level of branching
and a normal density of innervation. The level of branching
s of reproduction in any form reserved.
30 Harsum, Clarke, and MartinFIG. 1. Series of chick wing buds illustrating limb morphology and cutaneous innervation at various stages of development. (A)
Whole-mount 3A10 labelled E4 chick wing showing how dorsal root ganglia initially extend neurites towards the limb. (B) Later, at E7, the
four major cutaneous nerve branches that innervate the dorsal wing skin are visible [Dorsal Cutaneous (DC) Alar (DC Al.), DC Interosseous
(DC Int.), DC Ulnar (DC Uln.) and DC Elbow (DC Elb.)]. Scanning electron micrographs of 0-h excisional wounds made at both of these
stages, E4 and E7, are shown in (C) and (D), respectively. (E) Longitudinal resin sections through the “0hr” E4 wounded limb bud. Arrow
heads indicate depth of incision at the proximal and distal ends of the wound. (F) High magnification detail from (E) reveals that the limb
nerve trunk (asterisk) enters the limb ventrally and the advancing nerves (arrows) are well beneath, and not damaged by, the wound
incisions. These wounds were allowed to heal until E10 when the limb resembles a miniature model of its adult self. By this stage, there
is no superficial trace of where the wound had been (G). (H) Silver-stained skin preparations at E10 reveal a reproducible pattern of main
cutaneous nerve branches with a ramifying network of interconnecting nerves resembling the adult pattern. Scale bars represent 500 mm.
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
31Interrelationship between Nerves and Wound HealingFIG. 2. (A–F) Silver-stained dorsal skin preparations of wings wounded at E4 (A–C) and E7 (D–F) and left to heal until E10 (A–E) or E14
(F). The majority of wounds made at E4 heal perfectly and reestablish the main cutaneous nerve branches by E10 (A). However, a few
specimens subsequently have one or more nerve branches completely missing, such as DC Interosseous (B, arrowheads indicate collateral
sprouts from DC Alar running along the route that DC Interosseous would normally take) or DC Ulnar (C, arrowheads indicate collateral
sprouts from DC Elbow and Alar that lie along the normal path of DC Ulnar). In contrast, wounds made at E7 and examined at E10, whilst
generally retaining all of the major nerve branches (D), often reveal an uninnervated wound centre (asterisk), with surrounding wound
oriented neurites which no longer adhere to the standard proximo-distal routeways. In a rare specimen that has no DC Alar (E), collateral
branches (arrow) can be seen extending directly towards the wound (asterisk), with some collateral branches even growing in a distal to
proximal direction (arrowhead). Wounds made at E7 and left to heal until E14 (illustrated by a high magnification camera lucida drawing,
F), occasionally also reveal uninnervated wound centres (asterisk) and clear wound oriented collateral sprouting (arrowheads). (G)
DiI-labelled nerves beneath wound epidermis of a chick toe amputated at E14 and harvested 7 days later at E21; the network of cutaneous
nerves close to the wound margin is significantly denser than in an adjacent unwounded control region of skin (H). Scale bars represent 200
mm (A–E) and 50 mm (F); 100 mm in (G) and (H).
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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32 Harsum, Clarke, and Martinwas analysed by using low magnification camera lucida
drawings (Fig. 3C) and the difference between wounded and
control unwounded limbs was not significant (mean of 289
compared to 269 branch points, Student’s t test, P. 0.05;
Fig. 3F). Higher magnification camera lucida analysis (Fig.
3E) reveals that innervation density in the wound region is
also not significantly altered from controls (277 compared
to 306 branch points and termini, P . 0.05; Fig. 3G).
Wounds Made at E7 Disrupt the Local Pattern
but Not the Level of Ramification
Wounds made at E7 undoubtedly cause significant dam-
age to the cutaneous nerves already present at the wound
site, but, surprisingly, when examined at E10, 94% (50 of 53
wings) of specimens have all normal branches present (Fig.
2D). However, unlike E4 wounds, the majority of E7 healed
wounds (72%) showed a disruption of the normal pattern of
these branches. Frequently, the wound centres remain
uninnervated (Figs. 2D and 2E). Unlike the collateral
sprouts seen following E4 wounds, the collateral sprouts
following E7 wounding do not extend in a proximo-distal
direction but appear to be drawn centripetally towards the
wound centre (Fig. 2E). However, the level of branching and
density of innervation remains as for unwounded skin (the
mean number of branch points was 260 as compared to 279
in unwounded tissue, P . 0.05; Fig. 3F). Likewise, high
agnification analysis of fine nerve branches and termini
evealed no significant change in innervation density (mean
f 292 compared to 303 branch points and termini, P . 0.05;
Fig. 3G). Thus, unlike the neonatal or adult situation,
where wounds appear hyperinnervated shortly after healing
(Reynolds and Fitzgerald, 1995), the foetal wound immedi-
ately post repair is not innervated at above normal density.
Wounds Made at E7 and Left to Heal for One Week
Are Still Not Hyperinnervated
To eliminate the possibility that even though 3 days was
sufficient for wounds to have healed, it was insufficient to
see a sprouting response, some wounds (n 5 5) were left for
a further 4 days, until E14, when they had large feather buds
and a much more complex pattern of innervation. Whole-
mount, silver-stained preparations of these E14 wings re-
vealed a very similar picture to E7 wounds harvested at E10.
Whilst the main nerve branches were always present, the
pattern of innervation surrounding the wound closure site
was generally disrupted, and the wound centres were occa-
sionally devoid of innervation (Fig. 2F). Even 7 days post-
wounding there is no significant increase in nerve branch-
ing at the foetal chick wound site (mean of 266 compared to
313 branch points, P . 0.05; Fig. 3F). Neither was innerva-
ion density increased at the wound site, as assessed by
ounting fine nerve branches and termini (mean of 332
ermini compared to 371, P . 0.05; Fig. 3G).
To confirm that wounds made at later foetal/neonatal
tages lead to wound hyperinnervation in the chick (Grabo-
Copyright © 2001 by Academic Press. All rightoi and Kostinkii, 1987), as they do in mammalian models,
e snipped off the tip of the middle digit from the hindlimb
f E14 chicks. Seven days post-wounding, at E21, antero-
rade DiI labelling reveals an intensely branched network of
erves beneath the healed epithelium, which is clearly
ore densely innervated than adjacent unwounded skin
Figs. 2G and 2H).
UV Irradiation of the Neural Tube Does Not Affect
Wound Healing in the Early (E4) Limb Bud
Ultraviolet ablation of the neural tube between somites
12 and 20 at E2 effectively destroys the sensory neurone and
spinal cord progenitors at the level of the developing wing
bud (Fig 4A), thus preventing nerves from growing into the
limb. Embryos treated in such a way have an obvious dorsal
defect at the level of the limb 48 h later (Fig. 4B). Resin
histology at this stage reveals the neural tube and noto-
chord to be missing, and somite fusion across the midline
(compare Figs. 4C and 4D). Nerve immunohistochemistry
shows an absence of neural tissue adjacent the wing bud
(Fig. 4G) and at subsequent stages the majority of wings
examined contained no cutaneous innervation (Fig. 4H). In
all other regards, the wings appear to develop normally as
previously reported (Lewis, 1978; Swanson, 1985; Martin
and Lewis, 1989).
To confirm that UV irradiation of embryonic tissues
adjacent to the presumptive limb bud does not in itself
directly impair the tissue repair processes, and to test
whether wound repair signals come from cutaneous nerves
rather than from the adjacent neural tube per se, we
wounded embryos at E4 just prior to the stage when limb
skin receives its first cutaneous innervation. Since embryos
at this stage of development generally take between 18 and
24 h to fully heal such a wound (Martin and Lewis, 1992),
we harvested the wounds after 10 h—partway through the
healing process—in order to reveal differences in healing
rate between irradiated and control embryos. By this time,
all wounds had closed on average by approximately 70%
and we saw no significant difference in healing rate be-
tween irradiated (subsequently confirmed nerveless by im-
munohistochemistry) and control embryos (Figs. 5C, 5E,
and 5G). These data strongly suggest that irradiation of the
neural tube and of overlying epithelial tissues adjacent to
the limb bud do not themselves affect the healing capacity
of limb skin.
At Later Stages (E7), after Limbs Are Normally
Innervated, Healing Is Significantly Delayed
in the Absence of Nerves
At E7, when the chick wing is normally profusely inner-
vated by cutaneous nerves, we made rectangular excisional
wounds in the presumptive elbow region of wing buds of
irradiated (nerveless) and control (unirradiated) embryos
(Fig. 5B). Such wounds generally take approximately 48 h to
heal and so, to best reveal differences in healing rate,
s of reproduction in any form reserved.
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33Interrelationship between Nerves and Wound Healingwounds were harvested partway through the healing pro-
cess, at 24 h, when control wounds were 50 6 9% closed
(mean 6 SEM, n 5 30). After the same period of healing,
ounds from irradiated embryos (confirmed nerveless by
mmunohistochemistry) healed significantly slower. They
ere on average only 5 6 20% closed, P , 0.05 (Student’s t
est). The variability of wound healing in nerveless wings
as large with almost half the wounds healing at a rate
lower than the underlying limb tissue was growing, effec-
ively causing their wounds to grow rather than shrink with
ime (Fig. 5F). At the other extreme, some nerveless wounds
ealed at approximately the same rate as their normally
nnervated counterparts. This variability of healing re-
ponse in the E7 nerveless wounds suggests that nerves
upply only one of a number of wound signals that contrib-
te in a combinatorial fashion to the repair process. The
oss of nerve-derived signals appears on average to disad-
antage the repair process, but clearly can be compensated
or in some wounds by other signals. The small number (n
10) of irradiated embryos which were excluded from the
bove analysis because they showed some degree of cuta-
eous limb innervation, revealed an average healing capac-
ty intermediate between nerveless and control limbs but
ot significantly different from control embryos
Fig. 5H).
Our results suggest that nerves supply positive tissue
epair signals from the earliest stages of cutaneous innerva-
ion. These signals aid embryonic wound repair but are not
n absolute requirement because some wound healing can
ccur in the absence of nerves.
DISCUSSION
The healing of an adult skin wound is a complex process
requiring the collaborative efforts of many different tissues
and cell lineages in an attempt to regenerate the missing
structures (reviewed in Martin, 1997). It has recently be-
come clear that sensory nerve fibres hyperinnervate in
response to signals coming from the neonatal and adult
wound site (Kishimoto, 1984; Reynolds and Fitzgerald,
1995). However, it is also clear that these same sensory
nerve fibre types (C and Ad fibres) themselves may play a
ole in the healing process by supplying signals that aid
issue repair (Westerman et al., 1993; Khalil and Helme,
996). In this study, we have investigated both sides of this
elationship between nerves and wound healing using a
hick embryo model.
Disruption of Nerve Pattern Following Wounding
Hints at the Timing of Particular Nerve
Guidance Cues
First, we have examined the effects that skin wounds
have on the patterning of cutaneous nerves. This has
revealed that wounds made prior to innervation, at E4,
often result in missing nerve branches, but otherwise estab- f
Copyright © 2001 by Academic Press. All rightish a fairly normal pattern of branching, with collateral
prouts tending to extend in the proximo-distal axis along
imilar pathways to those that would have been used by
issing nerve branches. In such wounded limbs, both the
mount of branching and the density of innervation are
ormal by comparison to contralateral control wings at
10. These observations suggest that E4 wounds may dis-
upt the early guidance cues which direct outgrowth of
rimary cutaneous nerve branches towards the skin, but
ot the subsequent ramifying and trophic cues, which
resumably commence after the wound has healed. The
xtensive collateral sprouting we see in cases where major
utaneous nerve branches are missing supports the hypoth-
sis that the final territories of cutaneous nerve branches
re established by direct competition for territory between
eighbouring nerve branches and not by territorial bound-
ries established within the epidermis per se (Martin et al.,
989; Diamond et al., 1992a). In the adult mammal, nerve
rowth factor (NGF) expression is upregulated in dener-
ated tissues (Mearow et al., 1993), and is widely considered
o be responsible for collateral sprouting (Diamond et al.,
987; Mearow, 1998). Indeed, antibodies directed against
GF can completely abolish collateral sprouting (Diamond
t al., 1987, 1992b).
In wounds made at E7, after nerves have innervated skin,
here is no loss of already formed main nerve branches, but
disrupted pattern of innervation is established at the
ound site, with many smaller nerve branches oriented
owards the wound. This observation not only supports the
uggestion that dermal guidance cues have ceased by this
tage (Swanson, 1985), but indicates also the presence of a
ropic, trophic, or mechanical signal which directs nerve
rowth towards the wound.
Hyperinnervation May Be a Consequence
of Inflammation
Most strikingly, we do not observe a hyperinnervation
response at 7 days post foetal wounding. This contrasts
with the 300% hyperinnervation seen 7 days after wound-
ing newborn rats (Reynolds and Fitzgerald, 1995), and that
seen after wounding late stage foetal and neonatal chickens
(Grabovoi and Kostinkii, 1987; Figs. 2G and 2H). There are
several likely explanations for this. It might be that cuta-
neous nerves in the embryo are already ramifying at maxi-
mum capacity and are thus unable to respond to further
wound derived signals. Indeed, there is in vitro evidence
hat chick embryo derived trigeminal neurones receiving
arying levels of neurotrophic factor all elaborate similar
ized arbours, suggesting that the branching capacity is
aturated. The same studies suggest that only after E14 do
rigeminal neurones acquire the ability to respond in a
raded way to neurotrophic factors with increased neurite
utgrowth and branching (Scott and Davies, 1993). Alterna-
ively, it may be that signals for hyperinnervation are
inked to the inflammatory response, which is nonexistent
ollowing embryonic wounding, but very robust in the
s of reproduction in any form reserved.
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34 Harsum, Clarke, and Martinneonate and adult (Adzick et al., 1985; Whitby and Fergu-
son, 1991; Hopkinson-Woolley et al., 1994). Indeed, it has
been postulated that the hyperinnervation seen after neo-
natal rat forelimb wounding is triggered by neurotrophic
signals released by inflammatory macrophages at the
wound site (Constantinou et al., 1994). Our data would
FIG. 3. The density of innervation of healed wounds is estimated
fields of view (A, three small circles). At low magnification
three-dimensional fields of view are drawn using a camera lucida
same focal plane many of the branches present in the camera lucida
number of branch points at low magnification, in control and heal
of branch points and nerve termini at high magnification, in contro
E4 and analysed at E10 are shown in red, wounds made at E7 and
are yellow. Numbers in brackets indicate number of specimens an
wing had one 34 field of view and three 320 fields of view drawnsquare with this correlative link but the relationship be-
Copyright © 2001 by Academic Press. All rightween inflammatory signals and nerve branching at the
ound site needs significant further study.
Are Nerves Beneficial to Wound Repair?
In order to investigate the influence of nerves on wound
one low-power field of view (A, large circle) and three high-power
34 objective) and high magnification (D, 320 objective), the
) and (E), respectively. Note that because not all nerves are in the
ing are not evident in the photograph (arrows). Comparison of the
ings, is illustrated as a bar chart in (F). Comparison of the number
healed wings, is illustrated as a bar chart in (G). Wounds made at
sed at E10 are blue, and wounds made at E7 and analysed at E14
d. Each specimen consisted of a wounded and control wing. Each
analysed. Error bars are standard errors of the mean.from
(B,
in (C
draw
ed w
l and
analy
alysehealing, we wounded the wing buds of embryos completely
s of reproduction in any form reserved.
35Interrelationship between Nerves and Wound HealingFIG. 4. Generation of nerveless chick wings. (A) Diagram of an E2 chick embryo indicating the strip of neural tube between somites 12
and 20 that was UV irradiated (arrow). (B) At E4 the site of ultraviolet (UV) irradiation is visible as a defect dorsally at the level of the wing
bud (arrow). (C) and (D) are control and experimental transverse sections through this region (at a level indicated by the dashed line in B).
In experimental embryos, the neural tube and adjacent dorsal root ganglia are missing and somites become fused across the midline (D).
Whole-mount neurofilament immunohistochemistry reveals how the pattern of innervation in control (E and F) and nerveless embryos (G
and H) subsequently develops. In control embryos at E4.5 (the normal harvest time of E4 wounds), the brachial plexus is forming and nerves
have started to enter the limb (E). By E8 (the time when E7 wounds are harvested), fine cutaneous arbours cover much of the dorsal surface
of the limb (F). In contrast, UV irradiated embryos have no limb level innervation (G), although adjacent flank nerves are still present and
send out collateral sprouts towards the limb (arrows). At E8, these collateral branches have reached the shoulder (arrow), but the limb is
essentially nerveless (H). Abbreviations used: S, dermomyotome component of somite; NT, neural tube; DRG, dorsal root ganglion; NC,
notochord; PN, peripheral nerve. Scale bars, 100 mm.
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
36 Harsum, Clarke, and MartinFIG. 5. Scanning electron micrographs comparing healing in control and nerveless embryos after wounding at E4 and E7. Square
excisional wounds were made at E4 (A) and allowed to heal for 10 h, at which stage wound areas in control (C) and nerveless (E) embryos
were measured. The average percentage wound closures were then compared (G). Rectangular excisional wounds were made at E7 (B) and
were left to heal for 24 h before comparing control (D) and nerveless (F) wounds. A bar chart comparing healing in control innervated,
irradiated nerveless, and irradiated but only partially nerveless embryos is shown in (H). Numbers in brackets indicate sample size, error
bars are standard errors of the mean. Scale bars: (A), (C), (E), 100 mm; (B), (D), (F), 50 mm.
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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37Interrelationship between Nerves and Wound Healinglacking innervation. As one might expect, at stages prior to
normal innervation, tissue repair is unaffected by absence
of a nerve source. However, immediately after the stage
when cutaneous innervation is normally established, the
wound healing process benefits from signals supplied by the
recently arrived nerves, as demonstrated by the poorer
healing of wounds in nerveless limbs. This result can not be
explained by repeated injury secondary to the loss of a
protective influence in the denervated territory since the
embryo is suspended in a fluid environment. Since our UV
lesions ablate all nerves supplying the limb and not just
those serving the skin, we cannot strictly exclude a repair
role for nerves supplying muscles, but this seems unlikely.
In addition, it has also been shown that autonomic neu-
rones are not present in the chick limb until later than E10
(New and Mudge, 1986) and so these also can not be
responsible for the wound-enhancing signals we observe.
We speculate that this wound signal, which we show to be
present from E7, probably derives from the sensory
branches of cutaneous nerves. It is possible that embryonic
wound healing would benefit from nerves at stages much
earlier than E7, but since this is when skin is first inner-
vated, we have not been able to test this possibility. Because
the wounded limbs have been denied a source of innerva-
tion from the outset, our data also demonstrate that the
sensitivity of skin repair to these signals is autonomous,
and does not require priming from a prior exposure to
nerves. This is in contrast to limb regeneration in urodeles
where nerve-dependency does not arise in limbs that have
developed without nerves (Yntema, 1959). One potential
explanation for the impaired healing in the E8 nerveless
limbs is that the process of irradiation in some way effected
the proliferative or migratory capacity of limb tissues. This
can be reasonably excluded because of the normal rate of
healing observed in E4 embryos that received the same dose
of irradiation. Equally, since these E4 experimental em-
bryos also suffer from loss of the neural tube, we can
exclude the possibility that long-range signals from the
neural tube itself play any role in the repair process.
There are several likely candidates for nerve-derived
factors that could play key signalling roles during tissue
repair. Certainly, there is evidence that cut axons and axon
terminals at the site of a skin lesion are capable of releasing
several neuropeptides including substance P (Donnerer et
al., 1992), which is present in the majority of chick sensory
neurones at the stages that we have wounded (Scott, 1990;
Duc et al., 1991). Substance P, at least in tissue culture, is
a chemoattractant for fibroblasts and a potent mitogen for
keratinocytes, fibroblasts and endothelial cells (Nilsson et
al., 1985; Tanaka et al., 1988; Wiedermann et al., 1996). In
ddition, it is angiogenic and vasodilatory (Khalil and
elme, 1996). Clearly, any of these qualities might be
eneficial to wound repair. Fibroblast growth factors (FGFs)
ave also been shown to be expressed by wounded nerves (Ji
t al., 1995), and evidence suggests that they act as angio-
enic factors during adult skin wound healing and also as
nhancers of keratinocyte migration (reviewed in Martin,
Copyright © 2001 by Academic Press. All right997). Moreover, evidence suggests that both FGF and
ubstance P are candidate peptides for the neural factor that
ediates amphibian limb regeneration (Smith et al., 1995;
insmore and Mescher, 1998). Clearly, it will be informa-
ive to investigate which of these and other potential
erve-derived signals are released at the foetal wound site
nd which are absent in situations where the wound site is
enervated.
In summary, our data show that skin repair in the embryo
t different stages during development can disrupt several
f the signals that pattern cutaneous nerves, but unlike in
he neonate or adult, tissue repair does not lead to hyper-
nnervation. We also show that nerves play a direct sup-
ortive role in repair processes from the moment they reach
he skin. Given the evidence that sensory nerves may be
eneficial to wound repair, it is possible that more nerves at
he wound site might be better still. Thus, the hyperinner-
ation response seen during normal neonatal and adult
ound healing might actually be a mechanism for enhanc-
ng repair. Indeed, enhancing sensory neuronal function, by
icotine treatment, which leads to enhanced axon reflexes,
r by electrical nerve stimulation, has been linked with
mproved wound healing (Kaada and Emru, 1988; Lunde-
erg et al., 1988, 1992; Westerman et al., 1993). Clearly, a
uller understanding of the interplay between nerves and
ound healing may not only help us understand how skin
nd nerves influence one another during development, but
ay also provide opportunities to design novel therapeutic
trategies for the management of various wound healing
athologies.
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